Plant peroxisomes function collaboratively with other subcellular organelles, such as chloroplasts and mitochondria, in several metabolic processes. To comprehensively investigate the impact of peroxisomal function on photosynthesis, especially under conditions that are more relevant to natural environments, a systematic screen of over 150 Arabidopsis mutants of genes encoding peroxisomal proteins was conducted using the automated Dynamic Environment Photosynthesis Imager (DEPI). Dynamic and high-light (HL) conditions triggered significant photosynthetic defects in a subset of the mutants, including those of photorespiration (PR) and other peroxisomal processes, some of which may also be related to PR. Further analysis of the PR mutants revealed activation of cyclic electron flow (CEF) around photosystem I and higher accumulation of hydrogen peroxide (H 2 O 2 ) under HL conditions. We hypothesize that impaired PR disturbs the balance of ATP and NADPH, leading to the accumulation of H 2 O 2 that activates CEF to produce ATP to compensate for the imbalance of reducing equivalents. The identification of peroxisomal mutants involved in PR and other peroxisomal functions in the photometric screen will enable further investigation of regulatory links between photosynthesis and PR and interorganellar interaction at the mechanistic level.
INTRODUCTION
Peroxisomes are small and single-membrane-delimited organelles found in almost all eukaryotic cells. In plants, peroxisomes house conserved metabolic functions, such as fatty acid b-oxidation and hydrogen peroxide (H 2 O 2 ) detoxification, and lineage-specific metabolic processes, such as photorespiration (PR), conversion of indole-3-butyric acid (IBA) to indole-3-acetic acid (IAA), and jasmonic acid biosynthesis. Peroxisomes also coordinate with other subcellular compartments, such as chloroplasts, mitochondria and lipid bodies, to support important cellular functions (Hu et al., 2012) , one of which is PR -a pathway that accompanies photosynthesis.
During photosynthesis, plants utilize solar energy to synthesize carbohydrates from CO 2 and release O 2 . Solar energy is captured by the antenna complexes and transferred to the photosystems (PSs) to drive the thylakoid electron transport chain, reducing NADP to NADPH. This transfer of electrons is coupled to the translocation of protons (H + ) from the chloroplast stroma into the lumen, resulting in a buildup of a proton motive force (pmf) that in turn drives ATP synthesis. Using ATP and NADPH, CO 2 is fixed through the carboxylation of ribulose-1,5-bisphosphate (RuBP) by RuBP carboxylase/oxygenase (Rubisco), yielding 3-phosphoglycerate (3-PGA) that will be converted to carbohydrates (Blankenship, 2002) . PR, or the C2 cycle, starts with the production of 2-phosphoglycolate (2-PG) by Rubisco's oxygenase activity on RuBP, and ends with recycling of 3-PGA back to the Calvin-Benson-Bassham (CBB) cycle for RuBP regeneration. PR releases a molecule of CO 2 , which has to be re-assimilated at the expense of additional energy or lost to the atmosphere (Bauwe et al., 2010) . Despite being costly, PR is deeply embedded in plant primary metabolism by interacting with several key metabolic pathways, including photosynthesis, C1 metabolism, nitrate assimilation, respiration, and amino acid metabolism (Obata et al., 2016) . PR requires coordinated actions of the chloroplast, peroxisome, mitochondrion and cytosol, among which peroxisomes house four of the core PR enzymes: glycolate oxidase (GOX), glutamate-glyoxylate aminotransferase (GGAT), serine-glyoxylate aminotransferase (SGAT) and hydroxypyruvate reductase 1 (HPR1). GOX catalyzes the conversion of glycolate to glyoxylate, which is then transaminated by GGAT/SGAT, forming glycine that is to be transported into mitochondria to produce serine. Upon its transport back to the peroxisome, serine is transaminated by SGAT to yield hydroxypyruvate that is later converted to glycerate by HPR1, which utilizes NADH that is possibly provided by the peroxisomal malate dehydrogenase (PMDH). Catalase is the major enzyme that breaks down H 2 O 2 produced by PR (Bauwe et al., 2010) .
Analyses of PR mutants from diverse plant species suggested that PR is essential to all organisms that perform oxygenic photosynthesis (Foyer et al., 2009; Timm and Bauwe, 2013) . Typical phenotype of PR mutants is lethality under ambient air, which can be rescued to various degrees by supply of high-concentration CO 2 that suppresses the oxygenase activity of Rubisco (Somerville, 2001) . However, significant phenotypic variations are found among mutants of the core PR enzymes in Arabidopsis, partly due to the fact that some PR enzymes are also involved in other essential metabolic pathways such as C1 carbon metabolism and therefore their mutants cannot be rescued by elevated CO 2 (Timm et al., 2012; Timm and Bauwe, 2013) . The hpr1 mutant is among those PR mutants with relatively weak phenotypes in ambient air, including less chlorophyll, reduced growth, decreased photochemical efficiency of PSII (F v /F m ), altered photosynthetic gas exchange and disrupted flux of PR intermediates -phenotypes that were exacerbated when hpr1 was combined with mutations in the cytosolic (HPR2) and chloroplast (HPR3) isoforms of HPR (Timm et al., 2008 (Timm et al., , 2011 . PR phenotypes can also change in response to environmental factors, for example, more pronounced under short day conditions for hpr1 (Timm et al., 2011) and much stronger under longer light irradiance for cat2 (Queval et al., 2007) .
We were interested in addressing the effect of peroxisome function on photosynthesis under dynamically changing light conditions, which are more relevant to conditions in a natural environment. Besides PR, other peroxisomal metabolic pathways may also contribute to photosynthesis. For example, H 2 O 2 plays a key role in regulating photosynthesis (Livingston et al., 2010b; Strand et al., 2015) , and can be both produced and degraded in peroxisomes. It would be important to determine whether peroxisomal enzymes involved in generating or degrading H 2 O 2 also significantly impact photosynthesis, especially under dynamic environmental conditions.
To address this question in a high-throughput fashion, a large collection of peroxisomal mutants and a series of robust assays using a highly efficient phenotyping platform were required. Over 170 peroxisome proteins have been confirmed in Arabidopsis (Kaur and Hu, 2011; . Our collection of Arabidopsis peroxisome mutants helped us to uncover the roles of newly identified peroxisomal proteins in b-oxidation and stress response (Quan et al., 2013; Cassin-Ross and Hu, 2014a,b; Li and Hu, 2015) . The recently developed Dynamic Environment Photosynthesis Imager (DEPI) allows highly sensitive and high-throughput measurements of multiple photosynthetic parameters during growth under dynamic light conditions (Cruz et al., 2016) , revealing phenotypes that may not show under standard and controlled light conditions (Attaran et al., 2014; Dutta et al., 2015; Cruz et al., 2016) . Mutants defective in ancillary components that affect optimal photosynthesis are more likely to be discovered through DEPI than through static laboratory growth conditions.
Here, we report a DEPI-based comprehensive screen of peroxisome mutants in which we identified peroxisomal proteins that contribute to robust photosynthetic capacity under dynamic (high) light conditions in Arabidopsis. Follow-up studies revealed a connection between impaired PR and the activation of cyclic electron flow (CEF) around PSI and a possible role for the NAD + transporter PXN in PR. This study provides some basis for further investigation of the mechanistic link between photosynthesis and PR and of interorganellar communication.
RESULTS

Phenometric screen of peroxisome mutants
Dynamic Environment Photosynthesis Imager was used to screen 154 Arabidopsis homozygous mutants for 107 genes that encode peroxisomal proteins (Table S1) . Dynamically changing light conditions were imposed over a 5-day period ( Figure 1a Time (h) Light intensity
(c) Figure 1 . Dynamic Environment Photosynthesis Imager (DEPI) reveals photosynthetic phenotypes in peroxisomal mutants under dynamic light conditions. (a) The 5-day dynamic light conditions used in the mutant screen. The x-and y-axes represent time, and light intensity in lmol photons m À2 sec
À1
, respectively. (b) Heat maps of Φ II , non-photochemical quenching (NPQ), energy-dependent quenching (qE) and photoinhibition (qI). Heat map of Φ II was generated based on log2-fold change in the mutants relative to Col-0, and heat maps for NPQ, qE and qI show the numerical differences between Col-0 and each mutant. The x-axis is time points, y-axis is the 154 peroxisomal mutants, and the five columns represent 5 days (D1-D5). Mutants are positioned from top to bottom based on the sum of all values (low to high) across 5 days. Color scales are shown under each heat map. The subgroups of mutants with lower or higher Φ II are indicated by red boxes, and the same mutants in the low-Φ II group are linked between the heat maps by blue lines. (c) Magnification of the top red-boxed region in (b), showing a subset of mutants with lower Φ II than Col-0. A magnified view of the bottom red-boxed region in (b), which shows mutants with significantly higher Φ II than Col-0, can be found in Figure S2 . Statistics can be found in Table S2. quenching (NPQ); (iii) the rapidly relaxing component of NPQ, i.e. energy-dependent quenching (qE); and (iv) the slow relaxation of NPQ-here for simplicity referred to as photoinhibition (qI) response, as described previously (Cruz et al., 2016) . On day 1, plants were exposed to constant illumination typical of that used in a growth chamber (100 lmol m À2 sec À1 ). On day 2, light was programmed to a 'sinusoidal' pattern to mimic solar radiation on a cloudless day with a maximal intensity of 500 lmol m À2 sec À1 in the middle of the day. On day 3, plants were subjected to fluctuating light intensities to simulate a cloudy day, where light intensity followed an overall sinusoidal pattern with superimposed fluctuations (Cruz et al., 2016) . Plants were allowed to recover on day 4 under constant illumination, and on day 5 were exposed again to fluctuating light intensities as on day 3 to screen for adaptation. Data obtained for all the mutants were summarized as heat maps of Φ II , NPQ, qE and qI, in which values relative to the wild-type (WT) Col-0 control were presented for 192 time points: 16, 32, 64, 16 and 64, respectively, for day 1-day 5 (Figure 1b) . The order of mutants on each map was determined from low to high by the average of values over 5 days, with log2-fold change used for Φ II , and absolute value differences used for NPQ, qE and qI for optimal overall data visualization (Figure 1b) . A phenotype was considered significant when at least 10 out of the 192 data points had a P-value below 0.02 (Table S2) .
We first focused on Φ II because it represents PSII efficiency, a proxy for photosynthetic efficiency. A total of 19 peroxisomal mutants showed statistically significant changes in this category: 14 with lower and five with higher Φ II (Figure 1b) . The low-Φ II mutants included the peroxisome protein import mutant pex14-2, division mutants dynamin-related protein 5B (drp5B), drp3A drp3B, and drp3A drp3B drp5B, PR mutants hpr1-1, hpr1-2, gox1-1 and cat2-1, the NAD + transporter mutants pxn-1 and pxn-2, glycosyl hydrolase mutants pen2-1 and pen2-2, and fatty acid b-oxidation mutant dci1-1 (Figure 1c ). The high-Φ II mutants included those of 3-ketoacyl-CoA thiolase (kat2-1), polyamine oxidase (pao4-3), malonyl-CoA decarboxylase (mcd-1), calcium-dependent protein kinase (cpk1-2) and a homolog of 3-hydroxyisobutyryl (HIBYL)-CoA hydrolase CHY1 (chyh2-2; Figure S1 ).
Photorespiratory mutants displayed significant defects and various deficient patterns in photosynthetic performance under high light and fluctuating light
Besides the peroxisome protein import and division mutants ( Figure S2 ), mutants that exhibited the strongest deficiency in Φ II were PR mutants, all of which correspondingly displayed higher NPQ, qI and/or qE, at least under dynamic illuminations (Figure 1b and c) . To analyze the impact of impaired PR cycle on photosynthetic parameters in more detail, we performed follow-up studies on hpr1-1, gox1-1, cat2-1, and also included the plastid glycolate/glycerate transporter mutant plgg1-1 (Pick et al., 2013) and peroxisomal malate dehydrogenase mutant pmdh1 (Cousins et al., 2008) , the latter of which did not show an obvious phenotype in our screen. When grown in ambient air, null mutants plgg1-1, hpr1-1, hpr1-2 and cat2-1 showed typical PR phenotypes, i.e. slower growth and smaller rosette leaves ( Figure S3a and  b) , similar to what was reported previously (Vanderauwera et al., 2005; Timm et al., 2008; Pick et al., 2013) . In contrast, all gox mutants, including the knockdowns gox1-2, gox1-3, gox2-1 and gox2-3 (Arabidopsis Biological Resource Center; ABRC) and the null allele gox1-1 (Rojas et al., 2012) , grew similar to WT and pmdh1 ( Figure S3a and b) . Under dynamic light conditions, hpr1-1, hpr1-2, plgg1-1, cat2-1 and gox1-1 exhibited significant photosynthetic phenotypes (Figures 1 and S2) , and therefore were subjected to additional analysis. Because hpr1-1 and hpr1-2 are both nulls that displayed the same phenotype, only hpr1-1 was used in subsequent analyses.
The four selected PR mutants displayed weak or no significant photosynthetic phenotype on day 1 (Figure 1c ), but showed greater reduction of Φ II on day 2 in response to increasing light intensity (Figure 2a) . Specifically, Φ II in hpr1-1 and plgg1-1 began to decrease more sharply than in WT as the intensity increased to approximately 170 lmol m À2 sec À1 , and to a minimum of approximately 0.2 at the peak light intensity at midday. Similarly, sharper decreases relative to WT were observed in gox1-1 and cat2-1 as light intensity increased to above approximately 300 and 330 lmol m À2 sec À1 , respectively, with both mutants reaching a minimum value of approximately 0.4 ( Figure 2a ). By the end of day 2, WT recovered to about 95% of its starting level, whereas in hpr1-1, plgg1-1, gox1-1 and cat2-1 it was 57, 72, 83 and 77%, respectively ( Figure 2a ). In parallel to the sharp decreases in Φ II , NPQ started to show strong increases in hpr1-1, plgg1-1, gox1-1 and cat2-1 as light intensity increased to above approximately 130, 170, 300 and 330 lmol photons m À2 sec À1 , respectively, with hpr1-1 and plgg1-1 exhibiting the highest peak values (Figure 2b ), which coincided well with the intensities at which Φ II began to decrease sharply for each mutant (Figure 2a) . On all other days, these four mutants had overall higher NPQ than WT as light intensities increased, which is in correspondence with their lower Φ II ( Figure S2b ). However, the patterns of the NPQ response were distinct among the mutants. For instance, in contrast to the other mutants, NPQ in gox1-1 relaxed to the same degree as WT as light intensity dropped at the end of day 2, suggesting that in gox1-1 the sustained decrease in Φ II (Figure 2a ; between the first and last point of the day) is likely due to 'over-reduction' of the photosynthetic electron transfer chain and not photoinhibition (Aro et al., 1993; Adams et al., 2006; Takahashi and Badger, 2011) .
Differential responses of the major components of NPQ (qE and qI) to light intensity can account for the variation in the NPQ response among the mutants. For example, the bimodal shape of the NPQ response in hpr1-1 (Figure 2b) arose from the peak of the qE response early in the day (Figure 2c ) and the gradual accumulation of qI, which peaked hours after midday (Figure 2d ). In cat2-1, although the NPQ response curve did not have the same bimodal shape as the other mutants (Figure 2b ), qE and qI showed a similar trend, with the qE peak preceding that of qI ( Figure 2c and d). In contrast, the features for NPQ response curve in gox1-1 arose from a strong qI response to increasing light intensity, which peaked before midday while qE peaked at midday (Figure 2b-d) . In hpr1-1, plgg1-1 and cat2-1, qE and qI responses remained high toward the end of the day, which may indicate retention of a larger pmf across the membrane or sustained photoinhibition of PSII.
Modulation of pmf contributes to the more sensitive energy-dependent quenching response in the photorespiration mutants
The deviation of PR mutants from WT in qE sensitivities at high-light (HL) intensities is likely due to increased DpH across the thylakoid membrane, which leads to acidification of the lumen and a buildup of a pmf that in turn drives ATP synthesis and regulates the capture of light energy by controlling linear electron flux (LEF) and inducing (qE) quenching at photosystem II (Blankenship, 2002) . Using qE as a proxy for lumenal pH (Takizawa et al., 2007) , we estimated the magnitude of the DpH component of pmf and compared this with LEF. On a sinusoidal light day, the ratio of qE to LEF increased in the PR mutants as light intensity increased and then decreased as light intensity was reduced ( Figure 3a) .
Increased DpH at HL intensities in the mutants may cause the increases in qE sensitivities via at least one of three non-exclusive mechanisms: (i) downregulation of the thylakoid ATP synthase (Kanazawa and Kramer, 2002) ; (ii) changes in pmf partitioning into pH and w (Avenson et al., 2004) ; or (iii) activation of CEF around PSI (Golding and Johnson, 2003) . To evaluate these possibilities, we measured the dark interval relaxation kinetics of the elec- Light intensity (μmol m -1 s -1 ) Figure 2 . Response of photorespiration (PR) mutants to dynamic light conditions. Representation of data from day 2 of the 5-day screen showing measurements of (a) Φ II , (b) non-photochemical quenching (NPQ), (c) energy-dependent quenching (qE) or (d) photoinhibition (qI) plotted against time for the PR mutants (n = 3). Error bars indicate SD. Full heat maps for all 5 days for the low-Φ II mutants are shown in Figure S3 . Statistics can be found in Table S2 .
trochromic shift (ECS) at 520 nm (Sacksteder and Kramer, 2000; Kramer et al., 2003; Cruz et al., 2005) to obtain an estimation of the light-driven thylakoid pmf, the transthylakoid proton flux (v H þ ) and the conductivity of the thylakoid membrane to protons (g H þ ) that largely reflects the activity of the ATP synthase. We then compared these parameters with Φ II , LEF and qE obtained by chlorophyll a fluorescence (Baker et al., 2007; Baker, 2008) . The total amplitude of the ECS (ECSt), which is proportional to total light-driven pmf, was greater in the mutants than in WT, particularly as light intensity increased to above 100 lmol photons m À2 sec À1 (Figure 3b ), indicating an increased pmf. In the cases of hpr1-1 and plgg1-1, the increases in pmf could be attributed in part to decreased g H þ , which reflects the rate constant of proton efflux ( Figure 3c ) as calculated from the time constant of a first-order exponential fit to the ECS decay (Kanazawa and Kramer, 2002) . The relationship between pmf (estimated by ECSt) and qE was similar between mutants and WT (Figure 3d ), suggesting that the fractions of pmf stored as DpH and Dw remained unchanged. The exception was hpr1-1, which at the highest light intensities showed higher levels of qE sustained by slightly lower levels of pmf (Figure 3d ), possibly indicating a shift in pmf composition toward ΔpH.
Activation of cyclic electron flow in photorespiration mutants under high light
To check into the third possibility mentioned above, we determined whether CEF contributed to pmf formation in the mutants by plotting steady-state proton flux (v H þ ), determined by the initial slope of the ECS decay, against LEF ( Figure 4a ). The ratio of proton-coupled electron transfer in LEF is 3H + /1e À , and an increase in the slope of v H + /LEF would indicate an increase in proton translocation independent of electron transfer originating at PSII, i.e. CEF (Avenson et al., 2004; Livingston et al., 2010a; Strand et al., 2016) . Under low light intensities (i.e. 50 and 100 lmol photons m À2 sec À1 that correlate with the first and second measurements for each genotype), all PR mutants had similar v H + -to-LEF ratio to that of the WT (Figure 4a ). However, as light intensity increased to over 250 lmol photons m À2 sec À1 (the third and fourth measurements for each genotype), v H þ /LEF ratio showed statistically significant increases in hpr1-1, plgg1-1 and cat2-1 relative to WT (P < 0.02, Student's t-test), with hpr1-1 exhibiting the largest shift (an overall 14.5% increase from WT after linear fit), implying that CEF contributes substantially more to pmf formation under higher light in these mutants (Figure 4a ). (a) Energy-dependent quenching (qE) sensitivity as ratio of high-energy quenching qE to linear electron flow (LEF), using data from day 2 of the 5-day screen (n = 6). Statistics can be found in Table S2 . (b-d) Quantitative in vivo spectroscopic analysis of mutants under 50, 100, 250, 500 and 750 lmol m À2 sec À1 of light for the measurement of (b) lightinduced proton motive force (pmf), (c) proton conductivity (g H þ ) and (d) qE against light-induced pmf, n = 6. Error bars indicate SD.
As an independent assessment of CEF, we also measured the rate of post-illumination chlorophyll fluorescence rise (PIFR; Burrows et al., 1998; Shikanai et al., 1998; Figure 4b and c) . Previous work showed that in WT plants after the transition from steady-state illumination to darkness, chlorophyll fluorescence falls sharply and then rises in the absence of actinic illumination Shikanai et al., 1998) . The rise was linked to the reduction in the primary PSII quinone electron acceptor (Q A ) as a result of non-photochemical reduction of the plastoquinone pool by stromal reductants (Asada et al., 1993; Groom et al., 1993; Shikanai et al., 1998) , especially those involved in the CEF pathway (Asada et al., 1993; Groom et al., 1993; Sazanov et al., 1998; Shikanai et al., 1998) . Mutants with increased CEF were found to show an increase in the PIFR (Gotoh et al., 2010; Livingston et al., 2010a; Strand et al., 2015 Strand et al., , 2016 . After growth light (GL, 100 lmol photons m À2 sec À1 ) treatment, PR mutants and WT exhibited similar fluorescence kinetics (Figure 4b and c). Fluctuating light, as used in DEPI, leads to transient responses that can be recovered in most peroxisome mutants by the end of the day, making it challenging to measure the phenotypes. Therefore, here we used continuous light for HL treatment. After 6 h of HL (1000 lmol photons m À2 sec À1 ) treatment, hpr1-1 showed a pronounced increase in the rate and amplitude of PIFR relative to WT (Figure 4b ), followed by plgg1-1 that displayed a less dramatic but statistically significant increase (Figure 4c ). Increases in cat2-1 and gox1-1 were not significant (Figure 4b and c) . This observation further supports our model in which CEF is activated under HL in strong PR mutants, and demonstrates that the level of CEF activation correlates with the severity of the photosynthetic phenotype in the mutants.
Higher accumulation of reactive oxygen species in the photorespiration mutants under high light
Photorespiration is considered to be an important alternative electron sink, particularly under conditions when CO 2 is limiting (Lawlor and Cornic, 2002; Noctor et al., 2002; Mittler et al., 2004) , by consuming reducing equivalents from photosynthetic electron transfer that would normally fuel the formation of superoxide. Increased H 2 O 2 accumulation was shown previously in a series of high-CEF mutants, and introduction of H 2 O 2 was found to activate CEF (Casano et al., 2001; Lascano et al., 2003; Strand et al., 2015) . We reasoned that loss of PR capacity may lead to more pronounced accumulation of peroxide in leaves, especially under conditions in which LEF exceeds the capacity for carbon fixation. To test this, we exposed 3-week-old plants to 6 h of continuous HL, after which we were able to reliably measure total leaf H 2 O 2 content using the Amplex Red assay. After Amplex Red was converted to resorufin in the presence of horseradish peroxidase (HRP), resorufin fluorescence was measured (Mubarakshina et al., 2010; Roach et al., 2015; Strand et al., 2015) and its value was converted to concentrations of H 2 O 2 according to a standard curve from WT under HL, P < 0.02 (Student's t-test). PIFR data are separated into two graphs for better visualization.
( Figure S4a ). All PR mutants showed statistically significant increases in H 2 O 2 levels in HL compared with in GL, while changes in Col-0 were insignificant (P = 0.087; Figure 5a ). Higher levels of reactive oxygen species (ROS) in the PR mutants were further tested by quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) analysis of two oxidative stress-response gene markers, i.e. the heat shock protein gene 17.6B-CI (HSP 17.6B-CI) and the transcription factor gene WRKY30 (Fahnenstich et al., 2008) . The expression of both genes was strongly induced by HL in hpr1-1, plgg1-1 and cat2-1, and weakly induced in WT and gox1-1 (Figure 5b and c) , which was consistent with the H 2 O 2 levels in these lines.
Changes in pigment levels in photorespiration mutants under HL
After growing under GL for 3 weeks followed by 3 days of HL, hpr1-1, plgg1-1 and cat2-1 showed significant chlorosis resulting from reduced levels of chlorophylls, and lack of anthocyanin accumulation, as opposed to minimal chlorosis and visible anthocyanin accumulation in WT and gox1-1 (Figure 6a -c). Consistent with these observations, sustained photodamage under HL was indicated by larger decreases in F V /F M in hpr1-1, plgg1-1 and cat2-1 compared with WT and gox1-1 (Figure 6d ). Previous studies reported the inhibitory effect of H 2 O 2 on anthocyanin biosynthesis in leaf tissue (Vanderauwera et al., 2005; Fahnenstich et al., 2008; Hou et al., 2015) . The lack of anthocyanin accumulation in hpr1-1, plgg1-1 and cat2-1 under HL prompted us to determine changes in the expression of genes involved in anthocyanin accumulation. To this end, we used quantitative RT-PCR to analyze the transcript levels of six genes involved in anthocyanin biosynthesis or regulation, including the biosynthetic genes phenylalanine ammonia-lyase 2 (PAL2), chalcone synthase (CHS), dihydroflavonol 4-reductase (DFR) and flavonol-7-o-rhamnosyltransferase (UGT89C1; Winkel-Shirley, 2002), and Production of Anthocyanin Pigment 1 (PAP1) and PAP2, both of which encode MYB transcription factors that regulate anthocyanin biosynthesis (Borevitz et al., 2000; Winkel-Shirley, 2002) . Under HL in hpr1-1, plgg1-1 and cat2-1, PAP1, PAL2 and CHS displayed reduced induction, and the expression of PAP2, DFR and UGT89C1 was even suppressed, while in gox1-1 the expression of the genes was near WT levels ( Figure 6e) . Overall, the gene expression patterns were consistent with the levels of anthocyanin observed in each line. Collectively, these data showed higher levels of peroxide accumulation and reduced induction of anthocyanin biosynthesis in the leaves of hpr1-1, plgg1-1 and cat2-1 under HL. 
Rescue of the low-Φ II mutants by elevated CO 2
To determine whether the lower photosynthetic efficiency in the peroxisomal mutants was largely related to PR, we subjected the low-Φ II single mutants, along with two of the high-Φ II mutants (kat1-2 and chyh2-2) as controls, to the same 5-day light regimes in DEPI under saturated CO 2 (3000 ppm), and acquired Φ II data in the same way as in the original mutant screen. Mutants of enzymes involved in PR (hpr1-1, gox1-1 and cat2-1) were almost completely rescued by elevated CO 2 , so were the knockout pxn-1 and the strong knockdown pxn-2 mutants (Figure 7 ). These data suggested that PXN possibly modulates photosynthesis by augmenting the peroxisomal NAD + /NADH pool when the capacity of the pool is unable to meet demand for reducing equivalents under fluctuating light. The two pen2 alleles and dci1-1 were also rescued significantly by elevated CO 2 (Figure 7 ), but the pattern was more complex (i.e. in some cases PSII efficiency was even higher than the WT under high CO 2 ) and it was hard to predict the extent of contribution of these enzymes to PR due to their known roles in non-PR metabolic processes. 
DISCUSSION Dynamic Environment Photosynthesis Imager reveals mutants with emergent photosynthetic phenotypes
In this study, we took advantage of our library of peroxisome mutants and the powerful high-throughput DEPI platform to perform an unbiased screen aimed at discovering peroxisomal proteins that contribute to robust photosynthetic capacity under dynamic environments. We used an established intensity-based protocol that subjected the mutants to increasingly more dynamic light conditions over a 5-day period, and continuously monitored photosynthetic performance. It is worth mentioning that besides photoinhibition, the slow relaxing component of qE also includes contributions from the xanthophyll cycle, state transitions and chloroplast movements (Horton and Hague, 1988; Nilkens et al., 2010; Cazzaniga et al., 2013; Dutta et al., 2015) . However, these contributions are fairly minimal in Arabidopsis, and therefore photoinhibition is considered the dominant quenching component in our experimental system (Cruz et al., 2016) . In general, most lines had no significant phenotype under static and low light conditions, but a good fraction of them showed photosynthetic response that significantly differed from WT under simulated dynamic environments (Figure 1b) . By choosing a threshold of 10 time points, which represents approximately 5% of the 192 time points, and with stringent P-values of 0.02 or less, approximately 25% of the mutant lines (40 lines) have significant phenotypes in at least one of the parameters of Φ II , NPQ, qE and qI (Table S2) , and approximately 85% of the phenotypes emerged only after day 1. For example, gox1-1 showed no photosynthetic phenotype until sinusoidal light was imposed, and pxn only exhibited a phenotype with fluctuating light, emphasizing the importance of using dynamic growth conditions to reveal genes that influence photosynthetic performance in environments that are closer to nature. Among the low-Φ II mutants, pex14-2 showed severely limited photosynthesis even under laboratory conditions, which is consistent with the role of PEX14 as a key component of the peroxisome protein import apparatus (Hu et al., 2012) . Partial rescue of the photosynthetic phenotype of pex14-2 by elevated CO 2 suggests that peroxisomal functions other than PR also contribute to optimizing photosynthesis. How the low-Φ II mutants such as pen2-1 and pen2-1, which are deficient in glycosyl hydrolase activity involved in plant response to fungal pathogens (Johansson et al., 2014) , and dci1-1, a mutant of a D 3,5 ,D 2,4 -dienoylcoenzyme A isomerase involved in auxiliary b-oxidation (Goepfert et al., 2005) , are linked to photosynthesis remains to be investigated. We also identified a small group of mutants that exhibited significantly higher Φ II values under dynamic conditions. KAT1 is a 3-ketoacyl-CoA thiolase in b-oxidation (Wiszniewski et al., 2014) , MCD is a putative malonyl-CoA decarboxylase possibly involved in fatty acid b-oxidation (Eubel et al., 2008; Reumann et al., 2009) , PAO4 (polyamine oxidase 4) is involved in spermine catabolism (Kamada-Nobusada et al., 2008) , CPK1 is a calcium-dependent protein kinase involved in pathogen defense (Coca and San Segundo, 2010) , and CHYH2 is a homolog of 3-hydroxyisobutyryl (HIBYL)-CoA hydrolase (CHY1) in valine catabolism (Lingner et al., 2011) . With such diverse functions, elevated Φ II observed in these mutants is unlikely to occur through a common mechanism. Heat maps of ΦII show the relative differences between selected peroxisome mutants and Col-0 over the 5-day (D1-D5) dynamic light treatment at ambient and high CO 2 conditions (n = 3). Color scales are shown under the heat maps, which were generated based on log2-fold change in the mutants relative to Col-0.
Variations in photosynthetic performance in the photorespiration mutants
In our study, the PR mutants displayed distinct patterns in various photosynthetic parameters in dynamic lights. Overall, hpr1-1 and plgg1-1 showed stronger responses than cat2-1 and gox1-1. These observations may be explained by functional redundancy among isoforms as well as distinct biochemical functions of the proteins. Previous studies showed that, although the Arabidopsis cytosolic HPR2 and chloroplastic HPR3 may catalyze bypasses of HPR1's activity, the metabolic conversion of hydroxypyruvate to glycerate is predominantly catalyzed by HPR1 (Timm et al., 2008 (Timm et al., , 2011 (Timm et al., , 2012 Cousins et al., 2011) , which is consistent with the strong phenotype we observed in hpr1-1. Of the three Arabidopsis catalase isoforms, CAT2 is the most highly expressed in leaves presumably to dissipate ROS from the GOX reaction (Du et al., 2008; Mhamdi et al., 2012) , and was shown to play a more important role under prolonged light irradiance than under short day conditions (Queval et al., 2007) . However, cat2-1 displayed a less severe phenotype, possibly due to the fact that CAT is not a core PR enzyme; additionally, CAT1 and CAT3 may also partially compensate for the loss of CAT2. The highly identical GOX1 and GOX2 proteins are functionally redundant, and an obvious growth phenotype is only shown in ambient air when both genes are simultaneously silenced (Dellero et al., 2016) . Our data suggested that although GOX2 can compensate for a loss of GOX1 under mild, static light conditions, it cannot do so under more field-like fluctuating light conditions. Lastly, GOX is upstream, whereas HPR1 is downstream, of the PR reactions contained within mitochondria, and HPR1 involves the oxidation of NADH to NAD + , which may also contribute to the phenotypic differences in the mutants.
Multiple mechanisms may contribute to changes in pmf in the photorespiration mutants
Because PR is a major component of photosynthetic metabolism in oxygen-rich environments, it is not surprising that many of the low-Φ II mutants identified by this screen are involved in PR. PR mutants analyzed in this study exhibited increased qE sensitivity to LEF compared with WT under HL intensities (Figure 3a) , suggesting that lightinduced lumen acidification is augmented. Detailed spectroscopic assays of the PR mutants revealed that the rate of proton flux through ATP synthase increases relative to LEF, implying that at least part of the effect is caused by upregulation of CEF (Figures 3 and 4) . Results from the PIFR assay further support the occurrence of elevated CEF in PR mutants, as has been found previously for mutants that affect several steps in the CBB cycle (Livingston et al., 2010b; Strand et al., 2016) .
Spectroscopic data also showed that g H þ was decreased in mutant lines with the strongest photosynthetic phenotypes (hpr1-1 and plgg1-1; Figure 3c ). The resulting retention of protons in the lumen will contribute to the increased lumen acidity, and subsequent activation of qE. The decreased g H þ may possibly be caused by depletion of substrate Pi or ADP, or allosteric regulation of the ATP synthase (Sharkey and Vanderveer, 1989; Takizawa et al., 2008) . One speculation is that, in the case of substrate limitation, an ADP or phosphate deficit can result either from a net drain of intermediates from CBB caused by the loss of carbon recycling through PR or inhibition of enzymes involved in carbon fixation (Betti et al., 2016) .
Consistent with previous findings that showed high H 2 O 2 production leads to activation of CEF (Casano et al., 2001; Strand et al., 2015) , PR mutants that contained elevated CEF also showed higher levels of H 2 O 2 in leaf tissues, and increased levels of transcripts of oxidative stress-responsive genes after HL treatment (Figures 4 and  5) . The two-to-three-fold H 2 O 2 detected in these PR mutants compared with WT is in line with the three-fold H 2 O 2 reported in the Arabidopsis high-CEF mutant hcef1, which contains a defective fructose 1,6-bisphosphase (FBPase) in chloroplasts (Strand et al., 2015) .
In addition to short-term (6 h) HL stress, PR mutants also demonstrated faster degradation of chlorophyll after 3 days of HL compared with the WT (Figure 6 ), which was possibly caused by accumulation of ROS over time. Previously, it was shown that the chlorotic phenotype is possibly due to an increased oxidative damage to the stromal protein synthesis machinery that leads to inhibition of protein repair processes at PSII (Takahashi et al., 2007) . Deficiency in the induction of photoprotective pigment anthocyanin due to transcriptional repression of enzymes or regulatory proteins in anthocyanin biosynthesis was also shown in the PR mutants after long-term HL (Figure 6) . Hydrogen peroxide was shown as a signal in repressing anthocyanin biosynthesis in cat2-1 (Vanderauwera et al., 2005) . Therefore, peroxisomal H 2 O 2 may be a signal that both elevates CEF and represses the expression of anthocyanin biosynthetic genes in all the strong PR mutants in our study.
A potential role for PXN in photorespiration
PXN is a peroxisomal NAD + carrier that delivers cytosolic NAD + into peroxisomes for the production of NADH, a cofactor that provides reducing equivalents for PR, fatty acid b-oxidation, conversion of IBA to IAA and other reactions (Bernhardt et al., 2012 (Bernhardt et al., 2012; Linka and Esser, 2012) and that NADH is also a viable substrate for transport, it is possible that under high-light fluctuations, PXN allows the flux of cytosolic NADH into the peroxisome. Regardless, our data suggest that PXN may be acting as an ancillary component of photosynthesis in buffering against transient but excessive demand for reducing equivalents by the PR pathway, in this case, under extreme fluctuations in light intensity. Nonetheless, more detailed experiments are needed to test this hypothesis.
A regulatory link between photorespiration and photosynthesis
It has been suggested that the intermediates of PR can reduce the capacity of the CBB cycle (Timm et al., 2012; Timm and Bauwe, 2013; Betti et al., 2016) . Impaired PR cycle leads to the buildup of 2-PG, which was shown to inhibit the activity of triose phosphate isomerase, an enzyme in the CBB cycle that converts glyceraldehyde 3-phosphate to dihydroxyacetone phosphate (Anderson, 1971; Fl€ ugel et al., 2017) . PR mutants were also shown to have reduced activation of Rubisco (Xu et al., 2009; Walker et al., 2016) . Our favored hypothesis is that the reduced activity of enzymes in the CBB cycle in the PR mutants triggers another (not yet identified) pathway that consumes ATP. This disturbance of the balance of ATP and NADPH results in the accumulation of H 2 O 2 , which activates CEF to produce ATP that compensates for the imbalance of reducing equivalents.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Arabidopsis thaliana ecotype Col-0 and Col-3 were used as WT. T-DNA insertion mutants were obtained from the Arabidopsis Biological Resource Center (ABRC; http://www.Arabidopsis.org/) and confirmed by PCR-based genotyping. Information for all the tested mutants is in Table S1 . Seeds were sown in the soil and stratified in the dark at 4°C for 3 days before the flats were placed in the growth chamber under 16/8 h light/dark cycle of 100 lmol photons m À2 sec À1 of white light at 22°C and 60% humidity. Plants screened in DEPI were grown with black foam masks covering the soil for better background separation from the rosette leaves for fluorescence imaging. To allow for acclimation, plants were transferred to the imaging chamber (with the same growth conditions) 1-2 days before the 5-day experiment.
Fluorescence measurements, image processing and data analysis
Fluorescence measurements were performed in DEPI as described previously (Cruz et al., 2016) . The initial fluorescence (F 0 ) was determined by turning on the weak measuring light of 5 lmol photons m À2 sec
À1
. F M was obtained by exposing the plants to a 0.3-sec saturation flash of approximately 10 000 lmol photons m À2 sec À1 . Detailed methods for fluorescence measurements were described previously (Dutta et al., 2015) .
Chlorophyll fluorescence images were processed using Visual Phenomics (Tessmer et al., 2013) . The maximum quantum efficiency of PSII photochemistry (F V /F M ) was calculated as (F M À F 0 )/ F M (Krause and Weis, 1991; Krause and Jahns, 2003) , where F 0 is the fluorescence of the dark-adapted plant and F M is the maximum fluorescence. The quantum yield of PSII (Φ II ) was calculated as (F M 0 À F S )/F M 0 , where F S is the steady-state fluorescence and F M 0 is the fluorescence maximum at steady-state (Baker, 2008) . NPQ was calculated as (
, and qI as (F M À F M 00 )/F M 00 , where F M 00 is the post-illumination fluorescence maximum (Krause and Jahns, 2003; Baker, 2008) .
At least three replicates for each genotype were tested in twothree different DEPI experiments. All imaging data were put in Origin (OriginLab, Northampton, MA, USA) for data analysis. Heat maps were generated with OLIVER (https://caapp-msu.bitbucket. io/projects/oliver/index.html).
In vivo spectroscopic assays
All spectroscopic measurements were made using intact and fully expanded leaves in 25-to 30-day-old plants just before bolting. Plants were dark adapted for 20 min before analysis. Actinic light intensities ranged between 50 and 750 lmol photons m À2 sec
À1
. Chlorophyll a fluorescence yield changes and light-induced absorbency changes were measured using a laboratory-built spectrophotometer/fluorimeter (Hall et al., 2013) , and techniques described previously (Livingston et al., 2010b) . Saturation pulse chlorophyll a fluorescence yield parameters (F 0 , F M , F S , F M 0 , F M ″) were recorded as described (Kanazawa and Kramer, 2002; Avenson et al., 2004; Baker et al., 2007; Baker, 2008) , using 1-sec saturation pulses of 10 000 lmol photons m À2 sec
. These measurements were used to estimate Φ II , NPQ, qE and qI (Genty et al., 1989; Edwards and Baker, 1993) . LEF was calculated as (Φ II 9 light intensity 9 0.5). Φ II , NPQ, qE and qI were calculated using the same equations mentioned above. Leaf absorptivity of all the mutants did not differ from WT (P > 0.15, n = 4). ECS measurements, which were used to calculate pmf, v H þ and g H þ , were normalized for variations in leaf thickness and pigmentation by the extent of the rapidrise single-turnover flash-induced ECS (Avenson et al., 2004; Livingston et al., 2010b) . The ECS t and s ECS parameters were taken from a first-order exponential decay fit to ECS dark interval relaxation kinetics as described in Baker et al. (2007) . pmf was calculated as amplitude of the ECS first-order exponential decay, v H + was calculated as the slope during the initial linear phase of ECS first-order exponential decay, and g H + was calculated as 1/s ECS . PIFR was measured as described (Gotoh et al., 2010) . Leaves were illuminated for 40 sec with 150 or 750 lmol photons m À2 sec À1 , followed by a 10-sec dark interval. The plastoquinone pool was then oxidized by two 200-msec flashes of 730-nm light at 10 sec apart.
Statistical analysis
Heat maps were generated using OLIVER (http://msut.technology publisher.com/technology/22274). Dynamic response curves were made with Origin 9.0 software (Microcal Software). Statistical analyses were performed using MATLAB R2012a (The MathWorks), Microsoft Excel or Origin 9.0. Statistics for Figures 1 and 2 can be found in Table S2 . Pairwise Student's t-test was used to evaluate differences of parameters between a mutant and Col-0, and in Figure 5 within the same genotype under HL versus GL. To calculate difference of slope of v H þ against LEF (Figure 4) , ANCOVA (analysis of covariance) was used. Raw data for DEPI screen are available upon request.
Quantitative reverse transcriptase-polymerase chain reaction
Arabidopsis total RNA was isolated using a Plant RNeasy kit according to the manufacturer's instructions (Qiagen, https://www.qiagen.com), and treated with DNase I; 500 ng of each RNA sample was used for cDNA synthesis with random primers and iScript TM cDNA Synthesis Kit (Bio-rad, http://www.biorad.com/). qRT-PCR was performed using a 7,500 Fast Real-Time PCR System with Fast SYBR Green Master Mix (Applied Biosystems, http://www.appliedbiosystems.com). Relative gene expression was normalized to ACTIN2 (At3 g18780). Expression was determined in triplicate biological measurements.
Measurement of chlorophyll and anthocyanin
For chlorophyll measurement, rosette leaves were weighed and placed into 2 ml 80% acetone in the dark for 1-3 days until leaves were devoid of green color. Absorbance at 645 and 663 nm was measured using a spectrophotometer. Total chlorophyll content = (22.22 9 A 645 + 9.05 9 A 663 ) lg ml À1 9 2 ml/leaf fresh weight in mg (Wellburn, 1994) .
For anthocyanin measurement, rosette leaves were weighed, frozen by liquid nitrogen, and ground to powder. After adding 2 ml extraction buffer (1% HCl in methanol), the samples were placed at 4°C overnight. Later, samples were mixed before centrifugation at 13 000 g for 5 min. After the supernatant was transferred to a new tube, equal volume of extraction buffer was added. Absorbance of each tube at 530 and 657 nm was measured with a spectrophotometer. Anthocyanin content = (A 530 À 0.25 9 A 657 )/weight (Zeng et al., 2010 ).
In situ detection of H 2 O 2
Leaf H 2 O 2 content was quantified by measuring fluorescence of resorufin after conversion from Amplex Red in the presence of HRP (modified from Mubarakshina et al., 2010; Roach et al., 2015; Strand et al., 2015) . Leaf disc punches (d = 6 mm) were rapidly frozen and ground in liquid nitrogen, and extracted in 50 mM KPO 4 (pH 7.5). Extracts were incubated in the dark for 30 min in a reaction buffer containing 10 u ml À1 HRP (Sigma) and 5 lM Amplex Red (Invitrogen). The fluorescent resorufin product was detected at its emission maximum of 585 nm. Peroxide concentration of the sample was then estimated by comparison to a standard curve ( Figure S4a ), after correcting for chlorophyll content through chlorophyll extraction on leaf material with 80% acetone. As a control and to determine the recovery of H 2 O 2 in our extraction, 100 nM H 2 O 2 was added to Col-0 tissue at the moment of extraction; our results show that 66% of H 2 O 2 was recovered at the end of the assay ( Figure S4b ).
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CONFLICT OF INTEREST
The authors declare no conflicts of interest. 
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Table S1 . Peroxisomal mutants screened in this study. Table S2 . Significance scores of the DEPI data. Figure S1 . High-Φ II mutants identified by DEPI. Figure S2 . Photosynthetic performance of PR mutants under dynamic light conditions. Figure S3 . Growth phenotypes and gene expression analysis of the PR mutants. Figure S4 . Standard curve and recovery of H 2 O 2 in Amplex Red assay.
